Background and objectives Idiopathic hypercalciuria is a frequent defect in calcium kidney stone formers that is associated with high intestinal calcium absorption and osteopenia. Characteristics distinguishing hypercalciuric stone formers from hypercalciuric patients without kidney stone history (HNSFs) are unknown and were explored in our study.
Introduction
Idiopathic hypercalciuria is a defect detectable in 40% of calcium kidney stone formers and acknowledged as a risk factor for kidney stones (1, 2) . It has been mainly studied in patients producing kidney stones but was also found in 20% of osteoporotic women and 10% of the general population (2) (3) (4) . Patients with idiopathic hypercalciuria are characterized by high intestinal absorption and low tubular reabsorption of calcium and may have decreased bone mass (3) (4) (5) . A primary increase of enteral calcium absorption was hypothesized to cause hypercalciuria in a large portion of patients (6) . It may be sustained by an increase of calcium carrier activity, vitamin D receptor sensitivity, or 25-hydroxyvitamin D [25(OH)D] hydroxylation activity (7, 8) . Defects of calcium reabsorption in both proximal and distal tubules were observed in hypercalciuric patients with or without stones (9, 10) . Decreased bone mineral density (BMD) may result from the negative balance between urine loss and enteral absorption of calcium (3, 4) . However, low BMD was associated with high calcium absorption and could be supported by a primary defect of calcium handling in intestinal, bony, and kidney tubular cells (7, 11) . Epidemiologic surveys also suggested that high serum levels of 25(OH)D and sodium intake may predispose to hypercalciuria (3, 12) , whereas serum levels of 1,25-dihydroxyvitamin D [1, 25(OH) 2 D] were not found to be increased in hypercalciuric stone formers (HSFs) (13) .
Despite the large amount of data, it is unknown if a qualitative or quantitative defect of calcium absorption and tubular reabsorption may distinguish HSFs and hypercalciuric patients without kidney stone history (HNSFs). Therefore, this work retrospectively compares HSFs and HNSFs who were studied with a protocol including an oral strontium load test. This test used stable strontium as a surrogate marker to estimates intestinal calcium absorption and excretion during a 4-hour time period after an oral load (14) . This test is practical, feasible, and because of its duration, estimates calcium absorption in duodenum and jejunum (14) . Previous findings showed higher strontium excretion and absorption in HSFs than in normocalciuric stone formers (14, 15) , consistent with the known alteration of calcium metabolism in these patients (5, 10) . In addition, strontium absorption was negatively correlated with lumbar BMD values in hypercalciuric stone-forming women (11) . In this study, strontium absorption and excretion were compared in HSFs and HNSFs to find differences potentially explaining stone formation. We also considered BMD values in this analysis because of the previously observed association of strontium absorption with BMD.
Materials and Methods

Patients
One hundred seventy-two HSFs were retrospectively selected from patients referring to the kidney stones outpatient clinic of the San Raffaele Hospital in Milan from 1998 to 2003 for their history of urinary emission or surgical removal of calcium oxalate or phosphate stones or a radiology examination positive for radio-opaque stones. In the same period, 36 HNSFs and 40 normocalciuric controls (NCs) were selected from patients referring to the nephrology, hypertension, and osteoporosis outpatient clinics of the San Raffaele Hospital because of their negative history of stones, neoplasia, diabetes, bowel diseases, endocrine disorders, and inflammatory disorders; a renal echography excluded kidney stones in each of them. All participants were selected on their first access to the mentioned outpatient clinics and studied during a free diet. They could suffer from osteoporosis/osteopenia or hypertension. They had to have an age between 17 and 67 years old and normal serum values of creatinine, potassium, and calcium. They could not be taking thiazide, vitamin D or calcium supplements, or other drugs for osteoporosis or affecting mineral and electrolyte metabolism. Stone formers were studied at least 3 months after urologic treatments for stones.
In all participants, we measured serum concentrations of calcium (total and ionized), creatinine, 25(OH)D, and intact parathyroid hormone as well as 24-hour urine excretion of calcium and sodium. eGFR was estimated with the Chronic Kidney Disease Epidemiology Collaboration equation (16) . Intact parathyroid hormone plasma levels were determined by immunoradiometric assay (Nichols Institute, San Juan Capistrano, CA). Plasma 25(OH)D was measured by RIA method (Diasorin, Stillwater, MN). Idiopathic hypercalciuria was diagnosed as 24-hour calcium excretion .300 mg in men or 250 mg in women or 4 mg/kg body wt in both sexes.
All participants underwent a strontium absorption test (14) . An oral load of strontium (2.65 mg/kg body wt) was administered as a chloride salt in water solution (1 g/L) after an overnight fast (17, 18) . Blood samples were drawn before and 30, 60, and 240 minutes after strontium ingestion. Urine was also collected during the test (240 minutes) (13, 15) . Renal strontium clearance (milliliters per minute) was calculated as the ratio of the strontium excreted in the 240-minute urine divided by AUC Sr at 240 minutes (13, 15) . The variation coefficient of the method, calculated by repeated measurements of strontium concentration in a sera pool, was 6.8% (18) . BMD was measured with a dual-energy x-ray absorptiometry (QDR4500W or 1000; Hologic, Bedford, MA) at the lumbar spine and expressed as z score, which is the number of SDs from the mean in a control population with the same sex and age. The use of z score to express BMD enabled us to compare patients having z score #22 or .22, keeping patients of different sex and age together. The variation coefficient of the instruments, calculated daily by quality control scans of the spine phantom, was ,0.5%.
The study was part of a research project approved by the San Raffaele Hospital Ethical Committee. All participants gave informed consent to participate in the study.
Statistical Analyses
Quantitative variables were reported in the text as means6SDs and compared between groups by the KruskalWallis test. Serum strontium concentration-time curve was analyzed by ANOVA for repeated measures and compared in subject groups with Tukey post hoc tests. Multivariable linear stepwise regression was used to evaluate variables associated with calcium excretion and lumbar spine BMD z score; the analysis included age; strontium clearance; body weight; calcium excretion (if lumbar z score is the dependent variable); AUC Sr at 30, 60, and 240 minutes; serum concentrations of parathyroid hormone; 25(OH)D; and excretion of calcium and sodium as independent variables. Stone risk sustained by strontium absorption was expressed as odds ratio with 95% confidence interval calculated by multinomial logistic regression, including stones as the dependent variable and age (.40 or ,40 years old), quartiles of calcium excretion, sodium excretion, and AUC Sr at 30 or 60 minutes as confounding factors. Statistical analysis was two tailed and conducted at the a=0.05 level. It was performed using the SPSS statistical package (IBM SPSS, Chicago, IL). Table 1 displays characteristics of HSFs, HNSFs, and NCs participating in the study. Sodium excretion was higher in both hypercalciuric groups compared with n NCs. Lumbar spine BMD z score was lower in HNSFs than in HSFs. AUC Sr values were higher in HSFs than in NCs at each time point. Strontium clearance was higher in HSFs than in NCs and HNSFs.
Results
The plasma strontium concentration-time curve during the test was significantly higher in HSFs than in HNSFs and NCs both when using crude data and when using adjusted data for age, sex, and body weight ( Figure 1A) . The curve was significantly faster in hypercalciuric stone formers (HSFs; n=172; men/women: 105/67) than hypercalciuric patients without kidney stone history (HNSFs; n=36; men/women: 20/16; P=0.02) and normocalciuric controls (NCs; n=40; men/ women: 24/16; P,0.001) using crude data (F=10.1; P,0.001) and after adjustment for age, sex, and body weight (F=9.9; P,0.001). (B) Considering only men, the curve was higher in HSFs (n=105) than in NCs (n=24; P=0.03) and HNSFs (n=20; P,0.01) with analysis of crude data (F=6.8; P=0.001) or adjusted data for weight and age (F=6.3; P=0.003). (C) In women, the curve was higher in HSFs (n=67) than in NCs (n=16; P=0.03) using crude data (F=3.6; P=0.03) or adjusted data (F=4; P=0.02).
Considering men or women separately, the curve was higher in HSFs than in NCs in both sexes and significantly higher in HSFs than in HNSFs in men (Figure 1, B and C) .
The association of strontium absorption with stones was compared in HSFs and HNSFs having lumbar BMD z score #22 or .22 (Figure 2 ). The plasma strontium concentration-time curve was significantly higher in HSFs with z score #22 (n=42) than in HNSFs having z score either #22 (n=22) or .22 (n=14) and also, in HSFs with z score .22 (n=130). These findings were observed with the crude data analysis and after their adjustment for age and body weight. Strontium clearance was higher in HSFs with lumbar BMD z score .22 than in HSFs and HNSFs having z score #22 (Figure 3) . Table 2 shows findings of the regression analysis. In hypercalciuric patients, calcium excretion was associated with AUC Sr at 30 minutes, sodium excretion, and body weight in HSFs. It was associated with sodium excretion in HNSFs. In HSFs, AUC Sr at 30 minutes and strontium clearance were negatively and positively, respectively, associated with lumbar spine z score (Table 2) .
Stones risk was calculated with multinomial logistic regression in hypercalciuric patients and associated with the highest quartile of AUC Sr at 30 minutes and age #40 years old (Table 3) .
Discussion
This study compared calcium metabolism in HSFs and HNSFs by using strontium as a surrogate marker to estimate calcium absorption and excretion (13) (14) (15) 17, 18) . As expected, strontium absorption and excretion were higher in HSFs than in NCs and HNSFs, whereas their values were not significantly increased in HNSFs. The higher strontium absorption was more marked in HSFs with low BMD than in HSFs with normal BMD, whereas no differences related to BMD were observed in HNSFs.
Strontium clearance was higher in HSFs with normal BMD than in HSFs and HNSFs having low BMD.
Multivariate analyses displayed that strontium absorption was associated with calcium excretion and kidney stone production, thus suggesting that enteral absorption was more relevant than tubular reabsorption of calcium in determining hypercalciuria in our patients (5,10). Conversely, both defects might contribute to explain bone mass in HSFs (7, 19) . These characteristics of strontium handling suggest that HSFs could represent a specific group of hypercalciuric patients having a disorder of cellular calcium transport predisposing to hypercalciuria, stone production, and low bone mass. This defect might sustain a greater efficiency of intestinal calcium absorption (7, 10) and also, explain the lower strontium clearance observed in patients with low BMD after an acute load.
The test used in this study estimates calcium absorption in duodenum and jejunum that could be crucial to the postprandial urine calcium peak (5,10) and the supersaturation of tubular fluid and urine with respect to calcium salts (9) . Accordingly, the fact that AUC Sr at 30 or 60 minutes was recognized as a correlate of calcium excretion and kidney stones confirms the relevance of early calcium absorption for stone risk. The lithogenic effect of calcium absorption in duodenum and jejunum may be additive to that of other nutrients, like sodium, which may stimulate calcium excretion (12, 20) . These observations lead to the conclusion that intestinal absorption may be a key factor in inducing stone risk, because it may determine tubular load of calcium and other lithogenic substances after a meal (21) .
Strontium absorption was not related with serum 25(OH)D levels in HSFs. Also, serum levels of 1,25(OH) 2 D, measured by us in previous studies, were not correlated with strontium absorption and were not different in hypercalciuric and normocalciuric stone formers (13, 15) . Furthermore, calcium intake, which may influence calcium absorption in intestine, was not different in hypercalciuric and normocalciuric stone formers in two Italian studies (3, 12) . Considered together, findings of these studies suggest that a vitamin D-independent disorder of calcium transport in intestinal cells may sustain hypercalciuria in stone formers. However, calcium intake and serum levels of 1,25(OH) 2 D were not assessed in this study, and this limitation does not allow a definitive conclusion about the cause of calcium hyperabsorption in HSFs.
Mechanisms of hypercalciuria may develop with a different involvement of calcium absorption, tubular reabsorption, and bone metabolism in HNSFs related to HSFs. They did not have an increased absorption of calcium in duodenum and jejunum but could have an increased calcium absorption in ileum and colon that are not explored by the strontium oral load test (16) . Therefore, the kinetics of enteral calcium absorption could be different in hypercalciuric patients with or without stones: HSFs may have an early high tubular calcium load after a meal mediated by the active duodenal absorption, whereas HNSFs may have a tubular load diluted in a longer time period that could explain their normal strontium excretion during the load test. According to this hypothesis, the defect of calcium transport explaining hypercalciuria could be different in the two populations of hypercalciuric patients.
To our knowledge, this study is the first one comparing HSFs and HNSFs. Participants without stones were selected from patients referring to the outpatient clinics of one hospital, including the osteoporosis clinic; this explains the low bone mass of nonstone formers but may be a source of bias. Therefore, we stratified participants according to their BMD and found that strontium absorption was not related to BMD in HNSFs, whereas their negative relation indicated that low calcium absorption did not cause bone mass loss in HSFs. Multinomial logistic regression was used to identify factors associated with kidney stone risk in hypercalciuric patients (n=208; n=172 stone formers; n=36 patients without stones). OR, odds ratio; 95% CI, 95% confidence interval; AUC Sr , area under the plasma strontium concentration-time curve.
In conclusion, findings of our study suggest that high calcium absorption in duodenum and jejunum may expose hypercalciuric patients to the risk of stones because of an increased postprandial calcium load for tubular fluid. The increased calcium absorption may identify patients at risk of bone loss among stone formers.
